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The late phase of long-term potentiation (LTP)
and memory (LTM) requires new gene expres-
sion, but themolecular mechanisms that under-
lie these processes are not fully understood.
Phosphorylation of eIF2a inhibits general trans-
lation but selectively stimulates translation of
ATF4, a repressor of CREB-mediated late-LTP
(L-LTP) and LTM. We used a pharmacogenetic
bidirectional approach to examine the role of
eIF2a phosphorylation in synaptic plasticity
and behavioral learning. We show that in
eIF2a+/S51A mice, in which eIF2a phosphoryla-
tion is reduced, the threshold for eliciting
L-LTP in hippocampal slices is lowered, and
memory is enhanced. In contrast, only early-
LTP is evoked by repeated tetanic stimulation
and LTM is impaired, when eIF2a phosphoryla-
tion is increased by injecting into the hippocam-
pus a small molecule, Sal003, which prevents
the dephosphorylation of eIF2a. These findings
highlight the importance of a single phosphory-
lation site in eIF2a as a key regulator of L-LTP
and LTM formation.
INTRODUCTION
Repeated synaptic activation results in sustained potenti-
ation of synaptic transmission (LTP), a putative cellular
model of learning and memory (Bliss and Collingridge,
1993; Chen and Tonegawa, 1997; Malenka and Nicoll,1999; Pittenger and Kandel, 2003; Dudai, 2004). Both
memory and synaptic plasticity have two components.
One, evoked by weak training protocols or a single-tetanic
train, yields only transient phenomena, short-term mem-
ory (STM, lasting minutes to hours), and the early phase
of LTP (E-LTP, lasting 1–3 hr). The second component,
which follows strong training or repeated-tetanic trains,
activates mechanisms that stabilize the memory and
synaptic changes and results in long-term memory (LTM,
lasting days, weeks or years) and the late phase of LTP
(L-LTP, lasting many hours), respectively. Quite different
molecular machineries, widely conserved from sea slugs
to rodents (Kandel, 2001), are thought to underlie these
two components: modifications of pre-existing proteins
are sufficient for the transient changes, whereas new
gene expression (transcription and translation) is required
for those that are sustained (Silva et al., 1998; Kandel,
2001; Dudai, 2004; Kelleher et al., 2004; Klann and Dever,
2004; Sutton and Schuman, 2006). For instance, LTM and
L-LTP are suppressed by agents that block mRNA and
protein synthesis and, conversely, both are induced
more readily in transgenic mice in which gene expression
is facilitated (Malleret et al., 2001; Chen et al., 2003; Wang
et al., 2004). Although we still do not fully understand the
molecular mechanism by which gene expression is turned
on, there is good reason to believe that the removal of con-
straints on gene expression is a critical step (Kandel, 2001;
Genoux et al., 2002).
In diverse phyla, the transcription factor ATF4 is a re-
pressor of cAMP responsive element binding protein
(CREB)-mediated gene expression, which is required for
L-LTP and LTM (Bartsch et al., 1995; Chen et al., 2003).
The expression of ATF4 is regulated at the level of transla-
tion (Harding et al., 2000). Phosphorylation of the a sub-
unit of the translation initiation factor eIF2 suppressesCell 129, 195–206, April 6, 2007 ª2007 Elsevier Inc. 195
general translation (Hinnebusch, 2000), but selectively
stimulates the translation of ATF4 mRNA (Lu et al., 2004;
Vattem and Wek, 2004). Neuronal activity-dependent
modulation of eIF2a phosphorylation is likely to be impor-
tant for sustained changes in synaptic transmission as
induction of L-LTP in hippocampal slices, by either tetanic
stimulation or treatment with forskolin or BDNF, is corre-
lated with decreased eIF2a phosphorylation (Takei et al.,
2001; Costa-Mattioli et al., 2005). In mice lacking the
eIF2a kinase, GCN2, the reduction in phosphorylated
eIF2a is associated with altered synaptic plasticity and
memory (Costa-Mattioli et al., 2005). To investigate the
role of eIF2a phosphorylation in long-term plasticity and
behavioral memory, we used eIF2a heterozygous mice
(eIF2a+/S51A) in which the phosphorylation site is mutated.
We report here that in eIF2a+/S51A mice L-LTP and LTM
formation are facilitated, as determined by several behav-
ioral tasks. Moreover, a small molecule inhibitor of eIF2a
dephosphorylation, Sal003, blocks L-LTP and memory
storage, thus further demonstrating that eIF2a phosphor-
ylation is a critical step in L-LTP and memory formation.
RESULTS
Brain Morphology Is Not Altered in eIF2a+/S51A Mice
Newborn homozygous mutants (Ser to Ala at the phos-
phorylation site Ser51) are phenotypically indistinguish-
able from their wild-type (WT) littermates. However, they
die shortly after birth, owing to hypoglycemia (Scheuner
et al., 2001). eIF2a heterozygous mutants (eIF2a+/S51A)
are viable, fertile, of normal size and weight, and they
develop normally (Scheuner et al., 2001, 2005). There
were no detectable differences in the overall morphology
of the brain or hippocampus between eIF2a+/S51A and
WT mice, as determined by Nissl staining of coronal sec-
tions (Figures S1A and S1B in the Supplemental Data
available with this article), or with two immunohistochemical
markers: (1) GAP-43, a neural-specific growth-associated
protein and marker of axonal growth and presynaptic
terminals that stains particularly the perforant pathway
to dentate gyrus and the CA3 and CA1 regions
(Figure S1C), and (2) synaptophysin, a major synaptic
vesicle protein that is a marker of presynaptic terminals,
including those of the mossy fiber and Schaffer collateral
projections (Figure S1D; Small et al., 2000).
Hippocampal eIF2a phosphorylation is reduced by
50% in eIF2a+/S51A mice relative to WT mice, as deter-
mined by immunohistochemistry and Western blotting
(Figures S1E and S1F). The level of ATF4 is also reduced
(40%) in the hippocampus of eIF2a+/S51A mice, as com-
pared to WT mice (Figure S1G).
Inhibition of eIF2a Phosphorylation Leads to
Enhancement of Synaptic Plasticity and Memory
Late-LTP IsFacilitated inSlices fromeIF2a+/S51AMice
Previous studies showed an association between de-
creased eIF2a phosphorylation and a lowered threshold
for eliciting L-LTP (Takei et al., 2001; Costa-Mattioli196 Cell 129, 195–206, April 6, 2007 ª2007 Elsevier Inc.et al., 2005). Thus, we predicted that reduced eIF2a phos-
phorylation should facilitate L-LTP. To test this hypothe-
sis, we compared LTP in CA1 of hippocampal slices
from eIF2a+/S51A mice and WT littermates. In WT slices,
a single train of high-frequency stimulation of Schaffer
collateral/commissural fibers (100 Hz for 1 s) elicited the
expected short-lasting LTP (early-LTP; E-LTP) (Figure 1A),
which in contrast to L-LTP, does not require RNA or pro-
tein synthesis (Kandel, 2001; Kelleher et al., 2004). How-
ever, in slices from eIF2a+/S51A mice, such stimulation
elicited a sustained L-LTP (Figure 1A), which was blocked
by anisomycin (Figure 1B) or actinomycin-D (Figure 1C).
Thus, the sustained L-LTP elicited by a single tetanic train
in eIF2a+/S51A slices depended on translation and tran-
scription. The input-output relation of field excitatory
postsynaptic potentials (fEPSPs), plotted as a function of
stimulus intensity, and paired-pulse facilitation (PPF) indi-
cated no difference in basal transmission between slices
from eIF2a+/S51A and WT mice (Figure S2). Therefore, a
nonspecific change in synaptic transmission cannot ac-
count for the facilitation of L-LTP observed in eIF2a+/S51A
slices. These data demonstrate that a reduction in eIF2a
phosphorylation in eIF2a+/S51A slices leads to the conver-
sion of a transient E-LTP into a sustained L-LTP.
In further experiments, we investigated the effect of
eIF2a phosphorylation on L-LTP. In hippocampal slices
stimulated with four trains at 100 Hz, which normally
induce L-LTP in WT slices (Kandel, 2001; Kelleher
et al., 2004), a similar L-LTP was observed in eIF2a+/S51A
and WT mice (Figure 1D). Forskolin, an activator of
adenylate cyclase (Seamon et al., 1981), elicited a virtually
identical L-LTP in slices from eIF2a+/S51A and WT mice
(Figure S3). These data indicate that decreased eIF2a
phosphorylation does not interfere with the induction
of L-LTP.
Spatial Learning and Memory Are Enhanced
in eIF2a+/S51A Mice
Hippocampus-dependent spatial learning and memory
were first studied in the Morris water maze (Morris et al.,
1982). Because weak stimulation was sufficient to induce
L-LTP in eIF2a+/S51A slices, mice were first trained only
once per day, for 6 days, in a weaker training protocol
than the standard three/four trials per day protocol
(Chen et al., 2003; Costa-Mattioli et al., 2005). The time
required for the mice to find the hidden platform (‘‘escape
latencies’’) did not differ until day 6, when eIF2a+/S51A mice
reached the platform significantly faster than did WT litter-
mates (Figure 2A). Another indication of enhanced spatial
learning by eIF2a+/S51A mice was their significantly greater
preference for the target quadrant, during the probe test
conducted at the end of the sessions (Figure 2B). Next,
mice were trained three times per day (strong protocol)
for 6 days. The escape latencies of eIF2a+/S51A mice
were already significantly shorter on training days 2 and
3, as compared to control mice (Figure 2C). During the first
probe test (PT1) after 3 days of training, eIF2a+/S51A mice,
unlike their WT littermates, spent significantly more time in
the target quadrant, thus confirming their superior ability in
Figure 1. Late-LTP Is Induced by Single or Multiple Tetanic Trains in Hippocampal Slices from eIF2a+/S51A Mice
(A) A single 100 Hz train of stimulation elicits only E-LTP in control slices (open circles), whereas LTP is sustained in eIF2a+/S51A slices (closed circles;
at 180 min, p < 0.01). The sustained L-LTP elicited in eIF2a+/S51A slices is suppressed by (B) anisomycin (ANISO, closed circles; at 180 min p < 0.05) or
(C) actinomycin-D (ACTD, closed circles; at 180 min p < 0.01). Horizontal bars indicate the period of incubation with anisomycin and actinomycin-D.
(D) Similar L-LTP is induced by four tetanic trains in slices from WT and eIF2a+/S51A mice (at 240 min p > 0.05). Data are means ± SEM; numbers of
tests are indicated. Scale bar represents 5 ms, 100 mV.spatial learning (Figure 2D). At the end of training on day 6,
however, escape latencies (Figure 2C) or the preference
for the target quadrant in the second probe test (PT2 in
Figure 2E) were similar for eIF2a+/S51A and WT mice. We
conclude that, relative to WT mice, eIF2a+/S51A mice show
enhanced hippocampus-dependent spatial learning and
memory.
Contextual and Auditory Fear Conditioning Are
Enhanced in eIF2a+/S51A Mice
Pairing tone presentation with a foot shock in a particular
environmental context leads to both auditory and contex-
tual fear conditioning. In the latter, the context is repre-
sented in the hippocampus and acts as the conditioned
stimulus (CS), which is associated with the foot shock,
the unconditioned stimulus (US). Auditory fear conditioning,
which associates the tone (CS) and the foot shock (US),
depends on the amygdala but not the hippocampus
(Fanselow and LeDoux, 1999; LeDoux, 2000). Both typesof fear conditioning require new protein synthesis
(Bourtchouladze et al., 1998; Schafe et al., 1999).
Naı¨veWTandeIF2a+/S51A miceshowedsimilar freezing re-
sponses prior to training and before the delivery of the foot
shock. However, eIF2a+/S51A mice froze nearly twice as often
as did WT mice 24 hr after a weak training protocol (a single
pairing of a tone with a 0.35 mA foot shock) (Figure 3A). A
similar result was obtained when mice were tested for
auditory fear conditioning (Figure 3B). The auditory tests
were performed in a chamber that differed from the training
chamber to minimize the influence of contextual memory.
WT and eIF2a+/S51A mice exhibited equivalent levels of
freezing to cued and fear conditioning when tested 1 hr
after a strong training protocol (two pairings of a tone with
a 0.7 mA foot shock) (Figure S4). However, after a delay
of 24 hr, both contextual and auditory fear conditioning
were enhanced in eIF2a+/S51A mice (Figures 3C and 3D).
The finding that in eIF2a+/S51A mice, short-term contextualCell 129, 195–206, April 6, 2007 ª2007 Elsevier Inc. 197
Figure 2. Spatial Learning Is Enhanced in eIF2a+/S51A Mice
Data (means ± SEM.) were obtained either (A and B) in a weak version of the Morris water maze (1 trial per day) or (C and D) in the more intensive,
standard version (three trials per day).
(A) On day 6, escape latencies, plotted as function of training days, were significantly shorter for eIF2a+/S51A (closed squares, n = 13) as compared to
WT mice (open squares, n = 14; p < 0.05).
(B) In the probe test performed after the completion of training, unlike WT mice (open columns, p > 0.05), eIF2a+/S51A mutants (closed columns)
showed significant preference for the target quadrant (p < 0.01).
(C) Escape latencies on day 2 and 3 after a strong training protocol (three trials per day) show that eIF2a+/S51A mice (n = 13) learned significantly faster
than control littermates (n = 13) (p < 0.05).
(D) In the first probe test (PT1) performed after 3 training days, only eIF2a+/S51A mice spent significantly more time in the target quadrant (p < 0.01).
(E) In the second probe test (PT2), after 6 days of training, both groups showed a similar preference for the target quadrant (p > 0.05).and auditory memory are normal (Figure S4) argues against
nonspecific responses to fear. In addition, the normal
incidence of freezing in control tests (Figure 3) and in the
elevated plus maze (data not shown) indicates a physio-
logical level of anxiety in eIF2a+/S51A mice. Taken together,
these data suggest that long-term memory is selectively
enhanced in eIF2a+/S51A mice, as compared to WT litter-
mates, in both contextual and auditory fear learning.
Long-Term Taste Memory and Extinction Are
Enhanced in eIF2a+/S51A Mice
Mice were subjected to two additional learning tasks: con-
ditioned taste aversion (CTA) and latent inhibition (LI) of198 Cell 129, 195–206, April 6, 2007 ª2007 Elsevier Inc.CTA. In CTA, a novel taste (CS) is followed by an unpleas-
ant experience (US). A salient feature of this type of condi-
tioning is that the CS and US can be separated by many
hours. Like other long-term memories, CTA depends on
protein synthesis, in this instance within the gustatory
insular cortex (Rosenblum et al., 1993). Latent inhibition
(LI), the weakening of CTA produced by pre-exposure to
the same CS, is also a form of learning that is dependent
on new protein synthesis (Rosenblum et al., 1993).
WT and eIF2a+/S51A mice did not differ in their natural
preference for saccharin (Figure S5A) and aversion to
quinine (Figure S5B), thus showing no indication of any
Figure 3. Enhanced Contextual and
Auditory Fear Conditioning in eIF2a+/S51A
Mice
For contextual fear conditioning (A and C),
freezing was first assessed during a 2 min con-
trol period in the training context prior to the
conditioning (Naı¨ve) and then during a 5 min
period 24 hr after training. Freezing in response
to the tone (B and D) was assessed 24 hr after
training during a 2 min period before the tone
(pre-CS) and during the tone (CS) presentation.
Data (means ± SEM) were obtained after either
a weak protocol (single training with weak foot
shock; n = 12 for each group; [A and B]) or
a strong protocol (two trainings with stronger
foot shock; n = 13 for each group; [C and D]).
When tested 24 hr after training, eIF2a+/S51A
mice froze more than the WT controls in re-
sponse to the context after a weak ([A];
p<0.001) or a strong ([C]; p<0.0001) training
protocol. They also had an enhanced freezing
in response to the tone in both weak ([B];
p<0.05) and strong ([D]; p<0.01) protocols.nonspecific impairment that would compromise their abil-
ity to perform this task. For CTA, after 3 days of water re-
striction, the naı¨ve mice were offered saccharin followed
by a malaise-inducing injection of LiCl. Two days after
this aversive conditioning to saccharin, the aversion index
did not significantly differ between control and eIF2a+/S51A
mice (Figure 4A). The lack of difference between WT and
eIF2a+/S51A mice in CTA may be explained by a ceiling
effect of the very high aversion index or by enhanced
negative aversion to the naturally preferred saccharine.
In contrast, learning of a novel taste using a milder pro-
tocol, in the LI paradigm, was significantly enhanced in
eIF2a+/S51A mice as shown by the lower aversion index
in comparison to the WT mice (Figure 4A).
Repeated application of a CS without reinforcement by
the US leads to a progressive extinction of the conditioned
reflex (Pavlov, 1927). The rate of extinction of CTA, indi-
cated by the gradual drop in aversion index on subse-
quent days, was similar for control and eIF2a+/S51A mice
(Figures 4B and 4C). However, there was a sharp differ-
ence between WT and eIF2a+/S51A mice with regard to
the effect of LI, which was induced by pre-exposure to
saccharin for 2 days preceding the CTA protocol.
Throughout the period of testing, CTA of control mice
was not significantly reduced by LI (Figure 4B), whereasthe decay of the aversion index in eIF2a+/S51A mice was
remarkably accelerated, the aversion being already abol-
ished by day 1 and replaced by a strong preference for
saccharin by day 2 (Figure 4C). These data suggest that
the much more rapid extinction of CTA in eIF2a+/S51A
mice reflects accelerated learning (reinforcement) of the
new taste (saccharin) (Sheffield and Roby, 1950).
Increased eIF2a Phosphorylation Leads to
Impairment of Synaptic Plasticity and Memory
The Small Molecule Sal003 Promotes eIF2a
Phosphorylation
Our hypothesis predicts that preventing eIF2a dephos-
phorylation should block L-LTP and LTM. To test this pre-
diction, we used a potent derivative of salubrinal, Sal003
(Robert et al., 2006), which prevents dephosphorylation
of eIF2a by blocking eIF2a phosphatases (Boyce et al.,
2005). As expected, Sal003 sharply increased eIF2a
phosphorylation in mouse embryonic fibroblasts (MEFs)
(Figure 5A). As noted above, phosphorylation of eIF2a
should decrease general translation but stimulate that
of ATF4 mRNA (Harding et al., 2000). In Sal003-treated
cells, polysomes dissociated (Figure 5B, right panel),
and consistent with this, b-actin mRNA shifted to lighter
fractions (Figure 5D), reflecting the inhibition of generalCell 129, 195–206, April 6, 2007 ª2007 Elsevier Inc. 199
translation. In contrast, ATF4 mRNA shifted to heavier
polysomal fractions (Figure 5C), indicating the selective
translation de-repression of this mRNA.
Sal003 Impairs L-LTP in WT Slices but Not in Slices
from ATF4 Knockout Mice
In accordance with our prediction, L-LTP induced by four
trains in hippocampal slices from WT mice was prevented
by Sal003 (Figure 5E), whereas E-LTP was unaffected
(Figure S6A). The effect of Sal003 was specific to the
potentiated synapses, as basal synaptic transmission
was not altered (Figure S6B). An important finding was
Figure 4. Long-Term Taste Memory and Extinction Are
Enhanced in eIF2+/S51A Mice
(A) CTA induced by linking taste of saccharin to LiCl-induced malaise
was similar in eIF2+/S51A (n = 5) and WT (n = 4) mice (p > 0.05). An
index > 0.5 means an aversion to, and a score < 0.5 means a preference
for, that flavor. However, pre-exposure to saccharin caused a greater
fall in aversion index (latent inhibition [LI]) in eIF2+/S51A mice (p < 0.01;
eIF2a+/S51A CTA: n = 5, eIF2a+/S51A LI: n = 7) as compared to WT
mice. Further measurements over 5 days showed a similar decay of
CTA with and without LI for WT mice (for all days, p > 0.05; WT CTA:
n = 4, WT LI: n = 6) (B) and a much accelerated drop after LI in mutants
(for all days, p < 0.01; eIF2a+/S51A CTA: n = 5, eIF2a+/S51A LI: n = 7) (C).
All results are means ± SEM.200 Cell 129, 195–206, April 6, 2007 ª2007 Elsevier Inc.that when Sal003 was applied 45 min after the high-
frequency tetani (when LTP was fully established), L-LTP
was not suppressed (Figure S6C). Thus, enhanced eIF2a
phosphorylation interferes with the induction but not the
maintenance of L-LTP. These results demonstrate that
increased eIF2a phosphorylation blocks the conversion
of E-LTP to L-LTP.
To what extent does the impairment of L-LTP caused by
Sal003 depend on ATF4? We addressed this question by
examining the effect of Sal003 in hippocampal slices from
ATF4/ mice (Masuoka and Townes, 2002). Comparable
L-LTP was elicited by four trains of 100 Hz stimulation in
slices from ATF4/ and WT mice (data not shown). How-
ever, in sharp contrast to WT slices, L-LTP induction was
not prevented by Sal003 in slices from ATF4/ mice
(Figure 5F). It is noteworthy that Sal003 inhibited translation
to the same extent (20%) in WT and ATF4/ hippocam-
pal slices, as determined by 35S-methionine incorporation
followed by TCA precipitation (data not shown). This indi-
cates that the effect of Sal003 on L-LTP is not due to
disparate inhibition of translation in WT andATF4/ slices.
These data constitute compelling evidence that Sal003
blocks L-LTP by specifically increasing the translation of
ATF4 mRNA, a mechanism that cannot occur in ATF4/
mice.
Sal003 Impairs Long-Term Memory
Given that L-LTP-inducing stimulation results in decreased
eIF2a phosphorylation (Takei et al., 2001; Costa-Mattioli
et al., 2005), we investigated whether eIF2a phosphoryla-
tion is altered during LTM formation in the hippocampus.
At different times after a contextual fear conditioning,
rats were euthanized, the hippocampi isolated, and the
level of eIF2aphosphorylation was determined by Western
blotting. Already by 30 min after training, eIF2a phosphor-
ylation was reduced approximately by half (Figures 6A
and 6B).
To examine the effect of eIF2a phosphorylation on the
consolidation of fear memories, Sal003 was bilaterally
infused into the dorsal hippocampus (Figure S7), immedi-
ately after training. The dorsal hippocampus was removed
30 min later (Figure 6C), and the levels of eIF2a phosphor-
ylation were determined. Strikingly, Sal003 infusion
blocked the decrease in eIF2a phosphorylation normally
observed after training (Figures 6D and 6E). In analogous
experiments (Figure 6F), Sal003-infused rats showed a
significant reduction (50%) in freezing response when
tested for contextual fear conditioning 24 hr after training
(Figure 6G). These data are consistent with previous
reports that inhibitors of gene expression administered
immediately after fear conditioning disrupt long-term
memory (Bourtchouladze et al., 1998). In contrast, Sal003
did not affect fear memory associated with a tone
(Figure 6H), as expected, since the drug was injected
only into the hippocampus, and auditory fear conditioning
is independent of the hippocampus. The normal auditory
fear conditioning shows that the suppression of con-
textual freezing by Sal003 was not caused by nonspecific
impairment of the animals’ ability to perform the task.
Figure 5. An Inhibitor of eIF2aDephosphorylation, Sal003, Prevents the Induction of Hippocampal L-LTP in Slice fromWTMice but
Not in Slices from ATF4/ Mice
(A) Mouse embryonic fibroblasts (MEFs) were treated with Sal003 (10 mM) or vehicle (DMSO) and incubated for the indicated periods of time. The
phosphorylation state of eIF2a (at serine 51) was determined in cell lysates with a specific polyclonal antibody. (B) MEFs were incubated with vehicle
or Sal003 (10 mM) for 8 hr, and lysates were layered on a 10 ml continuous sucrose gradient (10% to 50%). Polysomes were analyzed as described in
Experimental Procedures. Left, vehicle-treated; right, Sal003-treated cells. The positions of the polysomes and ribosomes are indicated. (C and D)
RT-PCR of ATF4 and b-actin mRNAs from separate fractions of sucrose gradients. Sal003 (10 mM) prevents the induction of L-LTP by four trains of
tetanic stimulation in slices from WT mice ([E]; at 240 min, p < 0.05) but not in hippocampal slices from ATF4/ mice ([F]; at 240 min, p > 0.05). Open
circles are means (± SEM) from slices treated with vehicle alone, and closed circles are those from slices treated with Sal003 at the times indicated by
horizontal bars. Scales represent 5 ms and 100 mV.To examine whether Sal003 treatment of WT rats is a
reciprocal model for the eIF2a+/S51A mutation, experiments
were performed in the Morris water maze. The rats were
trained by the standard training protocol (three trials per
day, for 6 days). Sal003 or vehicle was bilaterally infused
into the hippocampus within 5 min of the end of each
day’s training (Morris et al., 2006) over sessions 1–6 (Fig-
ure S8). The significant increase in escape latency (Fig-
ure S8A) and the reduced quadrant occupancy (Figure S8B)
clearly indicate that Sal003 impaired spatial long-term
memory formation. These findings demonstrate that a
local increase in eIF2a phosphorylation counteracts the
physiological post-training decrease in eIF2a phosphory-
lation and impairs hippocampus-dependent long-term
contextual memory.DISCUSSION
eIF2a Phosphorylation Regulates Gene Expression-
Dependent Synaptic Plasticity and Memory
De novo gene expression (via translational and transcrip-
tional mechanisms) is required for long-lasting synaptic
plasticity and memory (Silva et al., 1998; Kandel, 2001;
Dudai, 2004; Kelleher et al., 2004; Klann and Dever,
2004; Sutton and Schuman, 2006). Our results provide
new insight into the mechanism of mnemonic processes
by showing that changes at a single phosphorylation
site of a key translation initiation factor bidirectionally
modulate synaptic plasticity and memory storage. Specif-
ically, we found that reduced phosphorylation of eIF2a in
eIF2a+/S51A mice is associated with enhanced synapticCell 129, 195–206, April 6, 2007 ª2007 Elsevier Inc. 201
Figure 6. Intrahippocampal Injection of
Sal003 Impairs Contextual Memory
(A) Western blots from hippocampal tissue
show decreased phosphorylation of eIF2a after
contextual fear conditioning. Dorsal hippo-
campi of rats were removed at different times
after training. (B) Quantification of normalized
p-eIF2a following training (n = 4 per time point).
(C) Diagram of the experimental protocol.
Sal003 (40 mM) or Vehicle was infused into the
hippocampus immediately after the strong
training protocol, and dorsal hippocampi were
dissected 30 min after training. (D) A represen-
tative Western blot showing phosphorylation of
hippocampal eIF2a after infusion of Sal003. (E)
Quantification of normalized p-eIF2a using to-
tal eIF2a as a loading control (n = 4 for vehicle
and Sal003 group). (F) Diagram of the experi-
mental protocol. Bilateral infusion of Sal003
into the hippocampus immediately after train-
ing reduced long-term contextual fear condi-
tioning ([G], p < 0.05) but did not affect auditory
fear conditioning ([H], p > 0.05), both assessed
24 hr after training. Data (means ± SEM) from
vehicle (n = 7) and Sal003-injected rats (n = 9)
are represented by open and closed columns
or symbols, respectively.plasticity (Figure 1), learning, and memory (Figures 2, 3,
and 4). Conversely, when dephosphorylation of eIF2a is
blocked by Sal003, both L-LTP induction (but not mainte-
nance) and long-term memory are impaired (Figures 5, 6
and S8). Thus, our study provides genetic, chemical,
physiological, behavioural, and molecular evidence that
eIF2a dephosphorylation is essential for the induction of
L-LTP and LTM.
Other lines of evidence support the hypothesis that
dephosphorylation of eIF2a is critical for the induction of
gene expression leading to L-LTP and LTM. First, eIF2a
phosphorylation promotes the translation of ATF4
mRNA, which encodes an inhibitor of CREB-driven gene
expression, long-term synaptic and memory storage in
different phyla (Bartsch et al., 1995; Chen et al., 2003).
Second, eIF2a phosphorylation regulates protein synthe-
sis, which is required for long-lasting synaptic plasticity
and memory consolidation (Kelleher et al., 2004; Klann
and Dever, 2004; Sutton and Schuman, 2006). Third,
eIF2a phosphorylation is decreased by procedures that
induce L-LTP (Takei et al., 2001; Costa-Mattioli et al.,
2005) and memory formation. Fourth, both L-LTP and202 Cell 129, 195–206, April 6, 2007 ª2007 Elsevier Inc.LTM are more readily induced in mice lacking GCN2, the
major kinase responsible for the phosphorylation of
eIF2a in the brain (Costa-Mattioli et al., 2005).
eIF2aPhosphorylation: AMolecular Switch for L-LTP
and Memory Consolidation
How does eIF2a phosphorylation mediate the switch from
short-term to long-term synaptic changes and memory?
Our model is based on the regulation of gene expression
by eIF2a phosphorylation (Figure 7). Under basal condi-
tions, when eIF2a is partly phosphorylated by GCN2, ATF4
acts as a brake on the expression of CREB-dependent
genes and protein synthesis is diminished. By reducing
eIF2a phosphorylation, repeated training or tetanic stimu-
lation lowers the level of ATF4 and removes the inhibitory
constraint and also increases protein synthesis. Both
mechanisms lead to the expression of genes required
for long-term synaptic plasticity and memory. As a result
of these changes in gene expression, the threshold for
eliciting L-LTP and LTM is lowered. For instance, in
eIF2a+/S51A and GCN2/ mice, in which both eIF2a phos-
phorylation and ATF4 levels are reduced, the threshold for
Figure 7. A model for Control of Long-
Term Synaptic Plasticity and Memory by
eIF2a Phosphorylation
Under basal conditions, general translation
is reduced, and ATF4 mRNA translation is
augmented, due to partial phosphoryation of
eIF2a. As a consequence, expression of syn-
aptic plasticity and memory-related genes is
depressed, late-LTP has a high threshold, and
mnemonic function is poor. Decreased eIF2a
phosphorylation reduces ATF4 mRNA transla-
tion and enhances general mRNA translation,
thus facilitating the induction of gene expres-
sion, which leads to L-LTP and long-term-
memory (LTM) consolidation.eliciting L-LTP and LTM is lowered (Costa-Mattioli et al.,
2005 and Figures 1–4). This model is supported by the
increase in ATF4 expression upon treatment with Sal003
(Figure 5C), which leads to an impairment of L-LTP and
LTM (Figures 5, 6, and S8). The critical role of ATF4 in
these processes is emphasized by the preservation of
L-LTP in Sal003-treated ATF4/ slices (Figure 5F). Thus,
these data provide direct genetic evidence that the
impairment of L-LTP caused by Sal003 is dependent on
ATF4’s repressor action.
Additional evidence that ATF4 regulates L-LTP and LTM
comes from the study of Chen et al., (2003). They reported
that in a transgenic mouse expressing a dominant-
negative inhibitor (EGFP-AZIP) that targets both C/EBP
proteins and ATF4, long-term synaptic plasticity and mem-
ory were facilitated under weak training protocols (Chen
et al., 2003). This scheme is also consistent with previous
studies on the ATF4 homolog in Aplysia (ApCREB2). After
injection of anti-ApCREB2 antibodies into Aplysia sensory
neurons, a single pulse of serotonin (5-HT), which normally
induces short-term facilitation, evoked a gene expression-
dependent facilitation that lasted more than one day
(Bartsch et al., 1995). Thus, activation of gene expression
is critical for long-term synaptic plasticity and memory
formation.
Dephosphorylation of eIF2a could also lead to an
increase in general protein synthesis. Since an increase
in translation could facilitate LTP, it might in principle con-
tribute to the enhancement of LTP and LTM in eIF2a+/S51A
mice. However, the lack of effect of Sal003 in slices from
ATF4/ mice demonstrates that eIF2a phosphorylation
acts primarily through regulation of ATF4 levels. It is likely
that treatment with Sal003 for short times affects ATF4mRNA translation to a greater extent than general transla-
tion. Indeed, in yeast it is known that levels of eIF2a phos-
phorylation that do not inhibit general translation, are
sufficient for the enhanced translation of the GCN4 mRNA,
which encodes a transcription factor of the same b-ZIP
family, which contains ATF4 (Hinnebusch, 2000, 2005).
Though a significant block in general translation initiation
was observed when Sal003 was applied for a long period
(8 hr; Figure 5B), there was only a modest decrease in
general translation when slices were incubated in the
presence of Sal003 for 1 hr (Figures 5E and 5F). Taken
together, these data strongly suggest that eIF2a acts as
a switch for both LTP and LTM through modulation of
ATF4 mRNA translation.
Differences between GCN2/ and eIF2a+/S51A Mice
Hippocampal ATF4 levels are regulated through GCN2-
mediated phosphorylation of eIF2a (Costa-Mattioli et al.,
2005). Accordingly, L-LTP and LTM are enhanced in
eIF2a+/S51A mice following weak tetanic stimulation or
weak training in various behavioral tasks. However, in
contrast to GCN2/ mice, in which L-LTP and LTM are
impaired in response to repeated tetani or strong behav-
ioral training, L-LTP and LTM are enhanced in eIF2a+/S51A
mice. A possible explanation for this difference is that
strong training or tetanic stimulation cause GCN2 to
phosphorylate other targets in the brain (in addition to
eIF2a) which interfere with L-LTP and LTM formation.
Clearly, there must be limits to the extent to which the
threshold for LTP induction can be manipulated. There-
fore, it is conceivable that a mild induction of translation
would facilitate L-LTP and LTM. However, too much trans-
lation may interfere with the optimal pattern of synapticCell 129, 195–206, April 6, 2007 ª2007 Elsevier Inc. 203
weight changes and may even induce an excess of
proteins that antagonize L-LTP and LTM (such as depot-
entiation-related proteins). Another difference between
GCN2/ and eIF2a+/S51A mice is that auditory fear condi-
tioning is normal in GCN2/ mice, whereas it is enhanced
in eIF2a+/S51A mice, after both weak and strong training
protocols. Thus, in the amygdala, decreased eIF2a phos-
phorylation enhances memory formation, but this may
occur in a GCN2-independent manner. Thus, either
GCN2 is not the major eIF2a kinase in the amygdala, or
the pathway that turns off GCN2 activity is not activated
by auditory fear conditioning.
In conclusion, we have shown that the induction of
L-LTP and LTM is facilitated by decreased eIF2a phos-
phorylation and impaired by increased eIF2a phosphory-
lation. Taken together, these data strongly support the
notion that under physiological conditions, a decrease
in eIF2a phosphorylation constitutes a critical step for
the activation of gene expression that leads to the long-
term synaptic changes required for memory formation.
Our data suggest that ATF4 is an important regulator of
these processes. These findings also raise the interesting
possibility that regulators of translation could serve as
therapeutic targets for the improvement of memory, for
instance in human disorders associated with memory loss.
EXPERIMENTAL PROCEDURES
eIF2a+/S51A Mice
eIF2a+/S51A mice were backcrossed for 15 generations to C57Bl/6J
mice. They were weaned at the fifth postnatal week and their geno-
types determined (Scheuner et al., 2001, 2005). ATF4/ mice were
kindly provided by Dr. Tim Townes (Masuoka and Townes, 2002). All
experiments were done with 2- to 4-month-old males. Mice were
kept on a 12 hr light/dark cycle, and the behavioral experiments
were always done during the light phase of the cycle. Mice had access
to food and water ad libitum except during tests. All the procedures fol-
lowed the guidelines of the Canadian Council on Animal Care and were
approved by the McGill Facility Animal Care Committee.
Cell Culture and Sal003 Treatment
Mouse embryonic fibroblasts (MEFs) were cultured in Dulbecco’s
modified Eagle’s medium (BioWhittaker), 100 units/ml penicillin, 10%
fetal bovine serum, and 100 mg/ml streptomycin. MEFs were treated
with 10 mM Sal003 for the indicated time periods, washed twice with
ice-cold phosphate-buffered solution, and lysed as previously de-
scribed (Costa-Mattioli et al., 2005).
Immunohistochemistry and Western Blotting
Hippocampal cell lysates and Western blots, using total and p-eIF2a
antibodies, were performed as described (Costa-Mattioli et al.,
2005). Immunohistochemistry was performed as described (Coˆte´
et al., 1993). Digital photos were taken using the Axiovision 4 Imaging
program (Zeiss).
Electrophysiology
Transverse hippocampal slices (400 mm) were cut from brains of WT or
eIF2a+/S51A age-matched littermates (6–12 weeks old) as described
earlier (Costa-Mattioli et al., 2005). Briefly, slices were kept submerged
at 27C–28C and superfused (1–2 ml/min) with oxygenated (95% O2,
5% CO2) artificial cerebrospinal fluid (ACSF) containing: 124 mM NaCl,
2.5 mM KCl, 1.25 mM NaH2PO4, 1.3 mM MgSO4, 2.5 mM CaCl2,
26 mM NaHCO3 and 10 mM glucose. Bipolar tungsten stimulating204 Cell 129, 195–206, April 6, 2007 ª2007 Elsevier Inc.electrodes were placed in the CA1 stratum radiatum to stimulate the
Schaffer collateral and commissural fibers, and extracellular field
EPSPs (fEPSPs) were recorded with a glass microelectrode (2–3 MU,
filled with 2 M NaCl) positioned in the stratum radiatum. Baseline
stimulation frequency was 2 min1 and the intensity of the 0.1 ms
pulses was adjusted to evoke 35%–40% maximal fEPSPs.
Tetanic LTP was induced by high-frequency stimulation in brief
trains (100 Hz, 1 s), applied either as a single train or four trains sepa-
rated by 5 min intervals. When indicated, ACSF contained anisomycin
(40 mM, Calbiochem), actinomycin-D (40 mM, Calbiochem), or Sal003
(10 mM) for 30 min before the onset of tetanic stimulation. To reduce
day-to-day variability, simultaneous recordings were obtained from
two slices. On a given day, data were recorded from WT, eIF2a+/S51A
slices, and slices treated with drugs or vehicle. The experimenter
was blind to the mouse genotype. Statistical analyses were done by
t tests and two-way ANOVA. All electrophysiological data are pre-
sented as means ± SEM and ‘‘n’’ indicates the number of slices.
Contextual and Auditory Fear Conditioning
Tests were performed on 2- to 4-month-old male eIF2a+/S51A and WT
littermates by an experimenter blind to mouse genotype. Mice were
handled for 3–4 days before the start of the experiment. They were
habituated to two distinct contexts (here named A and B) for 20 min
for 3 days. Within a single day, the habituation sessions were sepa-
rated by at least 4 hr. After 3 days of habituation, mice were trained
in chamber A. Training consisted of a 2 min period of acclimatizing
to the context, followed by one pairing of a tone (2800 Hz, 85 dB, 30 s)
with a coterminating foot shock (0.35 mA, 1 s) for the weak training
protocol, or two pairings of a tone (2800 Hz, 85 dB, 30 s) with a coter-
minating foot shock (0.7 mA, 2 s) for the strong training protocol. The
mice remained in the chamber for an additional 1 min after the end
of the last pairing, after which they were returned to their home cages.
Contextual fear conditioning was assayed 1 hr and 24 hr after training
by replacing the animals in the conditioning context (chamber A) for a
5 min period, during which the incidence of freezing (immobile except
for respiration) was recorded. The tests of auditory fear conditioning
consisted of a 2 min acclimatizing period to the context (chamber B;
pre-CS period), followed by a 3 min presentation of the same tone
(2800 Hz, 85 dB, 30 s) (CS). Mice were returned to their cages 30 s after
the end of the tone. For all tests, each mouse was judged at 5 s inter-
vals as either freezing or not freezing. Data are expressed as the
percent of 5 s intervals in which freezing was observed. Tests of
responses to the training context (chamber A) and to the tone (cham-
ber B) were done in a counterbalanced manner. Statistical analysis
was based on repeated measures ANOVA and between-group com-
parisons by Tukey’s Test.
Morris Water Maze
The task was performed as described (Morris et al., 1982; Costa-
Mattioli et al., 2005). Mice were trained in one trial per day (1T/d) or three
trials per day (3T/d), with 30 min intertrial intervals, over 6 consecutive
days. Learning was evaluated by monitoring escape latencies to a
hidden (submerged) platform with an automated video tracking system
(HVS Image, Buckingham, UK). For probe trials, the platform was re-
moved from the maze and the animals were allowed to search for
60 s. The percentage of time spent in each quadrant of the maze (quad-
rant occupancy) was recorded. Swimming speed was similar in WT
and control and mutant animals (data not shown). The experimenter
was blind to the genotype for all behavioral tests and trials were
performed at the same time of day (±1 hr) during the animal’s light
phase. Statistical analysis was based on repeated measures ANOVA.
In-between-group comparisons were performed by Tukey’s Test. A
level of 5% was considered significant. The p value is reported.
Conditioned Taste Aversion and Latent Inhibition
Conditioned taste aversion (CTA) was studied as described by
(Rosenblum et al., 1993), with a few modifications. Saccharin (0.5% w/v)
was the unfamiliar taste (conditioned stimulus [CS]), and 0.14 M LiCl
i.p. (volume 2% of body weight) the malaise-inducing agent (uncon-
ditioned stimulus [US]). Mice were trained for 3 days to get their daily
water ration (once only, for 20 min) from two pipettes, each containing
5 ml of water (‘‘water restriction’’). On the fourth day, the conditioning
day, mice were given the saccharin solution instead of water (for
20 min), and 60 min later, received the LiCl injection. Two days after
training, in a multiple choice test (one pipette with 5 ml of saccharin
solution and one with 5 ml of water), the conditioned mice preferred
water to saccharin, whereas nonconditioned mice preferred saccharin
to water. The results are presented as the aversion index, which is
defined as the volume of water consumed as a fraction of total fluid
intake [ml water/(ml water + ml saccharin solution)]: an index of 0.5
indicates no preference; the higher the index, the greater the preference
for water instead of the negatively conditioned taste.
In the LI experiments, 2 days before CTA training, the mice were
exposed on 2 consecutive days to saccharin for 20 min (experimental)
or tap water (control). The taste aversion index was determined for
5 consecutive days.
Tests of the natural reactions to bitter quinine and sweet saccharin
were done on mice habituated to drinking from pipettes (conditioning
was not needed). In three consecutive drinking sessions, mice had
access to two pipettes simultaneously, one containing 5 ml of either
0.04% quinine or 0.5% saccharin and the other 5 ml of water. The
aversion index was defined as in the CTA tests.
Cannulation and Sal003 Infusion
Rats (300–325g body weight) were cannulated as described previously
(Debiec et al., 2002). Briefly, rats were anesthetized with a 1 ml/kg of
body weight i.p. injection of a mixture of ketamine (55.5 mg/ml), xyla-
zine (3.33 mg/ml), and medetomidine hydrochloride (0.27 mg/ml).
Anesthetized rats were mounted in a stereotaxic frame and guide can-
nulae (22 gauge) were bilaterally implanted into the dorsal hippocam-
pus, angled at 10 away from the midline. The tips of the cannulae were
located 3.6 mm posterior to bregma, 3.1 mm lateral to the midline, and
2.4 mm ventral from the skull surface (Paxinos and Watson, 1986)
Three jewelry screws were inserted into the skull and acrylic cement
was applied to stabilize the cannulae. A 28 gauge probe was inserted
into the guide to prevent clogging. Rats were housed individually and
allowed a week to recover from the surgery before the experiments.
During the recovery period, animals were handled daily. Sal003 was
dissolved in DMSO and further diluted in 0.9% NaCl (saline) to a final
DMSO concentration of 0.1%. Two ml of 20 mM Sal003 or vehicle
(0.1% DMSO in saline) were infused bilaterally into the cannulae
through a 28 gauge injection needle (injectors) immediately after
behavioral training. The infusions were driven by a motorized syringe
pump (kdScientific) at a rate of 0.25 ml/min. Following 8 min of infusion,
the injector remained in the guide cannula for an additional minute, to
ensure adequate diffusion of the solutes from the tip of the injector.
With only minor modifications, the contextual fear conditioning proto-
col was as described above for mice. Briefly, the training consisted of
two pairings of a tone (2800 Hz, 85 dB, 30 s) with a stronger cotermi-
nating foot shock (1.5 mA, 2 s), and freezing was recorded over the
whole 5 min period of interest (not at 5 s intervals).
After completion of the behavioral experiments, animals were
anesthetized with urethane (0.5 g/ml i.p.) and decapitated. The brains
were then fixed in a 10% formalin-saline, 20% sucrose solution. Brain
sections (50 mm thick) were stained with formal-thionin to identify
the placements of the cannulae. Statistical analysis was based on
repeated measures ANOVA and between-group comparisons by
Tukey’s Test.
Polysome Profile Analysis and RT-PCR
Polysome profiles were obtained as previously described (Costa-
Mattioli et al., 2005). MEFs were treated with Sal003 for 8 hr and
washed twice with cold PBS + 100 mg/ml cycloheximide, suspended
in lysis buffer, homogenized with 15 strokes (7 ml Wheaton Dounce)on ice, and then centrifuged for 2 min at 14,000g. The supernatant
was loaded onto a 10%–50% sucrose gradient prepared in 20 mM
HEPES-KOH (pH 7.6), 100 mM KCl, and 5 mM MgCl2 and was centri-
fuged in an SW40 rotor at 35,000 rpm for 2 hr. Gradients were analyzed
by piercing the tube with a Brandel tube piercer, passing 60% sucrose
through the bottom of the tube, and monitoring the absorbance of the
eluting material with an ISCO UA-6 UV detector. Total RNA from
individual fractions was isolated with Trizol (Invitrogen) according to
manufacturer’s instructions. ATF4 and b-actin mRNAs were amplified
in one-tube RT-PCR reactions which were optimized to detect the
exponential phase on the amplification curve (3).
Supplemental Data
Supplemental Data include eight figures and can be found with this
article online at http://www.cell.com/cgi/content/full/129/1/195/DC1/.
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